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Abstract 
ANTHONY UNUSA SALAMI 
Under the superv1s1on of Dr. D. G. Kenefick 
(Assoc. Prof. ·of Agronomy) 
Zinc-deficient corn plants were obtained by raising seedlings 
in nutrient solution without added zinc. In the absence of zinc, 
retarded growth was evident after 16 days of germination. Interveinal 
chlorosis of the leaves was observed on plants grown in this nutrient 
solution without added zinc. Substitution of tryptophan for zinc 
in the nutrient solution during the first 19-day growth period, 
completely corrected the symptom of retarded growth and the other 
symptoms of zinc deficiency. This optimal growth with tryptophan 
was accomplished even with a five-fold reduction �of tissue zinc when 
compared with zinc treatment. This result was interpreted to indicate 
that tryptophan synthesis required zinc. Substitution of indole 
acetic acid for zinc in the growth medium resulted only in a slight 
increase in dry weight yields when compared with the minus-zinc 
treatment. The lack of adequate response to supplemental IAA could 
be attributed to its inactivation by zinc-deficient plants. 
Dry yield data indicated that growth response was evident 
after 16 days of germin tion, but �inc app ication was shown to be 
es ential by the sixth day of germination. Application after this 
date resulted in a reduced growth iate from which the plant did not 
recover after 18 days of growth. Therefore, zinc was clearly shown 
to be involved in the processes vital to growth. 
While it took 16 days for retarded growth to be evident in 
plants that received no zinc, a reduction in the heavy polysome 
population was observed on 4-day old seedlings grown under similar 
conditions. Therefore, it would seem that the accumulated growth 
resulting from the addition of zinc or tryptophan was reflected at 
the polysomal level at the early stages of development. The polysome 
studies _thus gave added support to the growth data since they showed 
the same relationship between tryptophin and zinc treatments. As in 
the growth investigation the _!AA-treatment was intermediate with the 
minus zinc treatment consistently the lowest. 
Additional support for the zinc-tryptophan relationship was 
obtained in a series of tests with N-bromosuccinimide. The inactiva­
tion of tryptophan in plants grown in nutrient solution to which N­
bromosuccinimide was added, resulted in characteristic zinc deficiency 
symptoms eve0 with an adequate level of zinc in the tissue. In a 
polysome study a marked reduction in heavy polysome population was 
also observed when plants were treated with this compound in the 
presence of zinc. When N-bromosuccinimide was simultaneously pplied 
with an adequate level of tryptophan, it was possible to reverse the 
reduction in polysome yield due to· this compound. 
These resul ts demonstrated that zinc is necessary for tryp­
tophan synthesis. It would appear that the role of tryptophan as a 
precursor for IAA synthesis is �nly a part of its complete function 
in corn plants. 
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. INTRODUCTION AND REVIEW OF LITERATURE 
Zinc, a micronutrient, has long been known to be essential for 
crop growth (8, 10, 15, 25). Perhaps the first definite evidence of 
its essentiality was presented in 1914 by Maze' (17) who demonstrated 
that without zinc, normal growth of maize was not possible. Although 
zinc is required in small quantities, deficiencies have been observed 
on a great number of agronomic and horticultural crops (15). De­
ficiency symptoms caused by inadequate zinc or induced by other factors 
(alkalinity, liming, etc. ) vary with crops. These symptoms, in 
general, include shortening of stem or internodes, malformation of 
leaves and in most cases, leaf chlorosis (15, 29). 
A low concentration of zinc in the soil is not the sole cause 
of zinc deficiency (15). Several other factors are known to influence 
zinc availability and translocation (26, 27). Zinc deficiency tends 
to be prevalent on soils low in available zinc and especially land 
leveled for irrigation or severely eroded lands (15). Soils high in 
organic content are often low in available zinc (15). Soils high in 
calcium carbonate which decreases the solubility also reduce the 
availability of zinc in the soil (27). This reduction in zinc uptake 
by plants gruvn on calcareous soils has been attributed to the effects 
of high pH (30). High rates of phosphorus application have been 
shown to result in zinc deficiency probably by rendering the zinc 
unavailable (4, 22). 
Perhaps on� of the more important roles of zinc reported in 
higher plants is in its relationship with auxin. Skoog (24) ·in a 
greenhouse study showed that a decrease in auxin content preceded 
the appearance of visible symptoms of zinc deficiency in tomato 
plants. He observed that with plants maintained in extreme stages 
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of zinc deficiency, addition of zinc markedly increased the auxin 
concentration within one to a few days after zinc application. 
Addition of indole acetic acid (IAA) to the nutrient solution, or by 
spraying IAA on the leaves, increased stem elongation only during 
early stages of zinc deficiency. Since the response of plants to 
added IAA eventually disappeared he concluded that IAA did not replace 
zinc as a nutrient. The evidence pointed to the possibility that in 
advanced stages of zinc deficiency the plant had a greater capacity 
to inactivate IAA. Support for this view was obtained by his ob­
servations on the increased oxidative capacity of zinc-deficient 
plants. He concluded therefore that zinc was not essential for auxin 
synthesis but was required for its chemical stability in cells. 
In contrast. to Skoog's finding, Tsui (28) established evidence 
that in tomato plants zinc was involved in the synthesis of auxin 
because of the evidence that tryptophan.is a precursor of IAA. He 
observed that there was a significantly higher amount of tryptophan 
in normal plants than in zinc-deficient plants. He showed that zinc­
deficient plants, which were also low in auxin content, had the same 
enzyme systems (those allegedly responsible for the formation of indole 
3-acetic acid by oxidative deamination of tryptophan) as did normal 
plants. The differenc�, in auxin content, therefore was a limiting 
supply of the precursor tryptophan. 
Went and Thimann (31 ) observed that tryptophan and tryptamine 
were of special interest as auxin precursors in the Avena coleoptile. 
Wildman et al. (32) converted synthetic L-tryptophan to auxin by 
incubating it with spinach leaves. Their experiments thus indicated 
the presence of an enzyme capable of transforming tryptophan to 
auxin. The work of Gordon and Nieva (11) on pineapple leaf seemed to 
give added support to the results �f Wildman et al. (32). These 
workers found that pineapple leaf discs or crude enzyme preparations 
from pineapple leaves were quite active ir. producing auxin when the 
leaf discs were incubated with tryptophan, indole pyruvic acid, or 
tryptamine, thus indicating the presence of an enzyme capable of 
carrying out this transformation . These observations implicate 
tryptophan as a precursor of IAA. 
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Further support of the above zinc-tryptophan relationship was 
provided by Nason et al. (18) who found that in Neurospora, tryptophan 
synthetase, the enzyme which catalyzes the transformation of tryp­
tophan from indole and serine, was markedly and specifically decreased 
by absence of zinc. Their results also suggested that zinc leads to 
a decrease or total absence of the enzyme protein. Results of Nason 
and McElroy (19) showed, however, that zinc is essential for both 
the synthesis and function of tryptophan synthetase. 
Nason et al. (18) showed that zinc is vital to protein syn­
thesis. They observed that increases and decreases in enzymes both 
occurred in zinc-deficient Neurospora. Bean (3) also showed that 
zinc was essential for protein synthesis in tomato plants. He 
observed that protein synthesis was markedly retarded in zinc­
deficient plants. 
Silberger and Skoog (23) found that auxins affect the nucleic 
acids of plants. They observed that the ribonucleic acids (RNA) 
and the deoxyribonucleic acid (DNA) both were found to increase 
following the addition of from 0.01 to lOmg/1 of indoleacetic acid 
to tobacco plant tissue in sterile culture. RNA and DNA increases 
were observed in the first four days, and commensurate tissue 
growth increases followed in the next three days. 
The relationship between protein synthesis an.d polyribosomes 
is well documented in any modern biochemistry text book (5). That 
polyribosomes are the primary sites for protein synthesis has been 
established by using plants labeled with radioactive amino acids. 
Studies using labeled amino acid have indicated that �he heavier 
the polysomal fraction (ribosomes associated with mRNA) the higher 
the rate of incorporation of labeled amino acid into peptides. 
Therefore, the greater the population of ribosomes in the form of 
polysomes the higher will be the rate of protein synthesis. 
Barker and Rieber (2) ground Pisum arvense to which zinc had 
been added and examined the polyribosomal preparations from dormant 
seed, cotyledons and growing tissue. Their results showed that 
with seedlings, the addition of zinc showed a substantial increase 
in the proportion of polysomes. Because there were no polysomes in 
the ribosomal suspension prepared in the absence of zn+1- , they 
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surmised that the presence of polysomes in zinc-treated extracts 
resulted from the inhibition of RNase in the tissue extract. Holden 
and Pirie (12) had earlier found that the zinc cation inhibited pea 
ribonuclease. 
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It was the purpose of this study to investigate the zinc­
tryptophan-auxin relationships on growth and polysome stability of 
corn seedlings. Since there is a direct relationship between protein 
synthesis and growth rate, the assumption was made in these inves­
tigations that zinc deficiency, which has been shown to be detrimental 
to growth and protein synthesis, would also be reflected at the 
polysornal level. The objective, therefore was to determine if the 
application of tryptophan and/or IAA would correct zinc deficiency. 
MATERIALS AND METHODS 
Plant Growth Studies 
Plastic-Cheesecloth Assembly: The assembly used for supporting the 
germinating seedlings in the growth_chamber studies consisted of two 
plastic concentric rings - the _outer ring was 95 mm. outside diameter, 
4·mm. in thickness and 24 mm. high, and an inner one 88 mm. outside 
diameter but of same height and thickness as the outer ring. (See 
Figure 1). The inner ring was covered with a piece of cheesecloth 
(10 x 18 cm.) which was stretched .and held tightly in place by forcing 
the larger ring over the outside. When in the beaker the corners of 
the cheesecloth extended into the nutrient solution and functioned as 
a wick to maintain a moist germinating surface for the seeds. 
The plastic-cheesecloth basket was suspended in a one liter 
beaker by means of two vertical plastic supports cemented to the 
outside ring. Two pieces of stainless steel wire were inserted in 
holes at the.top of the vertical supports and looped over the edge of 
the beaker. The beakers used were washed with lN HCl and rinsed with 
glass-distilled water. To minimize microbial growth in the nutrient 
solution, the beakers were wrapped with aluminum foil. (See Figure 2). 
Plant Growth Mediu. - The growth m�dium used for all studies was 
Hoagland's solution composed·of .005M K1103, .005M Ca(No3)2, 
.002M MgS04, and .OOlM KH2Po4• Iron was added in the form of 
iron ethylenediaminetetTaacetic acid at a concentration of 5mg/l. 
Additional trace elemAnts were dded to give the follcving 
fina concentrations, l.2xl0-6t.. H3B03, 3. 7:xl0-6M MnS04, 
Figure 1. Plastic-cheesecloth a�sembly. The cheesecloth supported 




Figure 2. Plastic-cheesecloth assembly suspended in a liter beaker 
which was wrapped with aluminum foil. The pl stic supports 
were adjusted to a suitable height above the nutrient 
liquid surface by varying �he length of the attached 
stainless steel wires. 
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Additional variations in nutrient 
composition are described in Table and Figure legends. 
L-tryptophan was used for all studies and was purchased from 
the Sigma Chemical Company. The indole 3-acetic �cid (IAA} was 
obtained from Eastman Organic Chemical Industries, and the gibberellic 
acid oG.A. ), K salt 75� was obtained from the Nutritional Bio­
chemicals Corporation. Zinc in the form of Znso4 solution was used 
for all the studies. All solutions used were made up with twice 
glass-distilled water, and all chemicals used were of reagent grade. 
Cultivation of Plant Material - The corn (Zea mays) used for the 
studies was a single cross Ml4xSD5. This line was selected because 
of  its uniform seed size, and because the two inbred lines are used 
as a source of genetic stock in many of the corn hybrids grown in 
South Dakota. 
The corn seed was soaked 48 hours in glass-distilled water and 
then planted on the cheesecloth support. The basket was suspended in 
the beaker p�epared as indicated above, containing 600 ml . of glass­
distilled water. The beaker was then covered with aluminum foil, to 
maintain a high relative humidity for germination, and placed in a 
dark growth chamber for four days. 
After the fourth-day the seedlings were transferred to a 
beaker containing 600 ml. of ¼ strength n�trient solution without 
zinc. Subsequent nutrient changes,_ at ½ strength nutrient solution, 
were made along with the.treatments at four-day intervals until 
harvest. 
An air space of about 1 0  mm. was maintained between the 
cheesecloth support and the nutrient solution throughout the growing 
period . This a ir spa ce provided an adequate supply of oxygen to 
the roots for optimal growth. The chamber was operated at 24°c±1. 5 
with a photoperiod of 14  hours, and a light intensity of about  2100 
footcandles. 
10 
The pl ants were usually treated on the 6th day.  The treatments 
were generally made by addition to nutrient solution, however, in 
some cases foliar application followed the nutrient sol uti on treat­
ment. All experiments were randomized and replicated and where 
replicates were not possible due to inadequate space, repea t  exper­
iments were run f or confirmation of results. During the growth period 
the beakers containing the pl ants were moved three times a week to 
compensate for any variations in the growth chamber. 
Tissue Preparat ion and Zinc Ana lysis - At harvest, the plants were 
washed with deioni zed water foll owed by three rinses with redistilled 
water and if required , were separated into top growth and roots. For 
purpose s of these stud ies this anatomi cal _ division was arbitrarily 
made at the seed . The plant material was dried at  65°c for 48 hours 
for dry weight determinat ions and zinc analysis. In some c�se s, the 
dry matter from repli cates of the same · treatments were combined for 
zinc anal ysis . The plan · mateiial was gr ound in a sta inless  stee l  
Wi ley mi l l . 
Ov n-dr ied sampl e i  ground as ind icated above were dried for 
additi ona l 24 hou r s  at  65 °c in a forced air oven and a repre se tative 
1 1  
gram sample of the plant material was digested for the determinati on 
of z i nc by the procedure outlined by All an ( 1) , Buchanan and Muraoka 
(7). The procedure consisted of digesting the sample in 10  ml. of 
concentrated nitric acid followed by 2 ml . of 70% perchloric acid. 
The filtrate was made up to 100 ml . mark in a volumetric flask. Zinc 
was determined directly from the HN03-HC104 digestion solution by 
atomization in a Jarrett Ash atomic absorption spectrometer. Con­
centrations were then expressed in parts per million of the digest. 
The range in standard errors of dry matter yields a nd zinc 
analysis was cal culate d  for some of the experiments . A comparison of 
these values can be mad e by referring to Tables 4, 6, 7 and 10 below.  
POLYR I BOSOME STUDY 
The corn seeds  used f or the pol yribosome study we re soaked for 
'1 24 hours in glass-distilled water before planting in the cheesecloth­
plastic basket as ou tlined above. After germination in glass­
distilled water (usually after two days from planting )  the seedlings 
were transferred to ¼ strength nutrient solution and subsequent 
treatments varied with the nature of the experiments . 
Reage nts : The grinding med ium used for the stud ies was · composed of 
0. 25M sucrose, 0. 05 A Tris buffer pH 7 . 8, 0. 02M MgCl2, 0 .6M KCI and 
0 . 001M mercaptoethanol made up  �i th glass-d istil l ed water. The 
grad ient med ium was made up of  0.05M jris buffer pH 7 . 8, 0.02M MgC12, 
and 0.2M KCl and was also made with glas s-d isti lled water . 
Isola t ion and Charac teri zati on : F ive grams of the pl a nt tissue were 
c t  up and placed in an aluminum foil envel ope and put in dry ice for 
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about f i fteen minutes. Once the ti s sue wa? frozen the envelope was 
opened and quickly placed in a n  iced-in mortar. The tissue wa s 
pulveri zed to a fine powder with an  iced pestle.  The frozen  plant 
powder wa s quick ly poured into a test tube f or further homogenization. 
The tube and contents were warmed to o0c and eight m illiliters o f  
grinding med ium { containing . 25M sucros� .05M Tris buffer pH 7. 8 ,  
. 02M MgC1 2, 0. 6M KCl and O. OO ! M  mercaptoethanol) were poured into 
the test tube and the homogenate suspended with a loose-fitted teflon 
pestle (30-50 strokes).  
The homogenate wa s f iltered �hrough cheesecloth and an  add i­
tional 2 ml. of grinding medium was added to rinse the. remaining 
tis sue from the test tube. The filtrate was squeezed through the 
cheesecloth and was centrifuged a t  o0c and 1 4, 000 xg f or 10 mi nutes 
to remove cell debris, mitochondria , chloroplasts etc. 
Dry deoxychol ate was added to the supernatant suspension 
(0. 03 % w/v) and mixed to s olubilize the membranous constituents. 
Polyribos ome s were removed from the suspension and concentrated by 
l ayeri ng 4 ml. into a polycarbonate tube of a model 40 r otor, 
containing a discontinous gradient of 2 ml. e ach of 0. 5 and 1 . 8M 
sucrose. Two such tubes (8 ml. of supernatant) were prepared f or 
each treatment. The s amples were spun in a Spinco model L-2-50 
ultracentrifuge at 40, 000 rpm and o0c for 3 hours. 
The ribosomal pellets w re usuall y resuspended in one ml . of 
grind ing �dium  diluted ine-half with redi still ed water .  At th i s  
point the pe l l e ts o f  s imilar tr atments were combined.  One ml. of 
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this  r ibosome suspension was layered onto 1 6. 0  ml . of a linear sucrose 
grad ient made up i n  tubes of the model 25 . 3  rotor . The gradients 
were prepared with a modifi cation of grad ient maker described by 
· Britten and Roberts (6 ) .  Adjustments in the sucrose concentrations 
of  the grad ients were made and are noted in the Figure legends. 
Samples were spun at 25, 000 rpm and o0c for 3 hours. 
The fractioning apparatus consists of a variable speed S igma 
pump, an ice-j acketed centrifuge tube holder , and a Beckman model 
132 fraction coll ector . Fractionation was accomplished by puncturing 
the bottom of the tube and forcing the contents out with air pressure 
supplied by the pump. The fractions (usually  twenty d rops per 
fraction) were d i l uted by the add ition of five drops of redistilled 
water to each sample and read manually in a Beckman DU spectrophoto-
�� meter at 260 mu. Correction for blank sucrose sample (without 
polysome sample) was made before plotting the data .  
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RESULTS AND DISCUSSION 
Preliminary Studies on Optimal Growing Conditions 
Plant Population The light intensity in controlled environments is 
considerably below optimal for plant growth. The purpose of the 
initial test was to determine the effect of the number of plants which 
could be grown in a liter beaker before shading became a limiting 
factor in growth. In this and following tests, growth was measured 
by dry weight determinations on vegetative tissue. An evaluation of 
the data in Table 1 showed a steady increase in total yield of 1 4-
day old plants with a population up to 60 plants per beaker. The 
factor which was used to determine the optimal population, however, 
was the average dry weight per plant. The 30-plant treatment showed 
essentially no difference in dry weight per plant compared to lower 
populations , but a decrease in the plant size was detected in the 
40-plant treatment. 
Frequency o f  Changes in Nutrient Solution - The extont to which 
nutrient supply influenced plant growth was studied in combination 
with varying plant populations (Table 2). · These data showed that 
replenishing the nutrients � by changing the root medium three times 
per week, did not improve growth compared to changing the solution 
twice a week. The treatments involving the more frequent change 
actually resulted in a lowering of the average plant yield, parti c­
ul arly at the lower plant populations . The disturbance to the root 
system, as a result of the third cha nge , appeared to be a likely 
explanation for the poorer growth of these plants receiving three 
Table 1.  The effect of plant density on the average total yield and 
the individual performance of 14-day corn plants* 
Gms. Dry Weight 
Plants per Av. Total Av. Growth 
Beaker Growth per Plant 
10 1 . 17 0 •. 116 
20 2. 28 0 . 1 1 4  
30 3 . 32 0 . 1 1 1  
40 3. 93 0. 098 
50 - 4. 61 0. 092 
60 5. 22 0. 087 
*Averages of duplicate samples (standard error see Table 4) 
Table 2. The influence of plant density and nutrient supply on the 












Gms. Dry Weight 
Av. Total Growth* Av. per Plant 







3 . 7 1  
4'.38 
5. 54 
Changed 3x ' s  
duplicate �ampl es (standard error see . 
0. 141 
0. 133 
0 . 1 06 




0 . 1 09 
0 . 1 1 0  
Table 4). 
15 
nutrient changes per week. Considering total yiel d per beaker and 
the averages per plant , the 30 pl ant treatment was selected as the 
be st plant population. 
16 
This was consistent with a preliminary test  on 18-day old 
plants which showed that a twice a· week change produced 5. 21 gms . per 
30 plants compared with 5 .06 gms .  and 4 . 71 gms. for three and one 
change(s) per week, respectively. 
Zinc Concentration and Plant Growth - Due to the specific interest 
in zinc in these investigations ,  a test was made to determine the 
optimal concentration of thi s cation in the nutrient solution . 
Dupl icate beakers  containing 30 plants each which were grown with 
three levels of zinc, 9 . 4xlo-6, 9 . 4xl0-5, and 9 . 4xl0-4M produced an 
average dry weight for three-week-old plants of 7. 75, 7 . 55, 7. 48 grams 
respectively . The l owest concentration of added zinc appeared to be 
an adequate supply to support growth over this time period. 
Aeration of the Root Medium and Pl ant Growth - The pl ants were 
supported at about 1 0  mm. above the nutrient solution for the purpose 
of satis fying the oxygen requirements of the roots . Supplemental 
aeration with an aquarium aerator had little or no effect on the top 
growth of twenty- six-day plants ( +  aeration 9. 62 g .  and no aeration 
9. 75 g. per 30 plants) .  
Correction o f  Retarded Gr owth and 
Z inc-De f i c iency Symptoms w ith IAA and Tryptophan 
� ethods of Aop ying IAA, Tryptophan and Zi nc - The top growth was of  
p rt icular interest  i n  the se  inve stigat ions because after abou t 14 
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days of growth, in  the absence of added zinc , the typical de ficiency 
symptoms could be observed in the leaves (Figure 18). Due to  the 
reported function of zinc in tryptophan synthesis and the requirement 
of tryptophan in IAA production (28) consideration was next given to 
the method by which these compounds_ could be effectively added to the 
plants. The procedure of making additions to the nutrient soluti on 
had several apparent advantages. I t  was possible to : ( 1 )  insure a 
more un i form application, 2 )  additions could be made without a 
surfactant , 3 )  zinc could be added to the roots without causing 
spurious readings when  the t op growth was analyzed f or this cation, 
and 4) additions t o  root  medium which resulted in the disappearance 
of def iciency symptoms in the leaves would provide reasonable evidence 
that the t otal requirement f or optimal growth had been satisfied. 
The data presented in Table 3 show a_ comparison be tween  foliar 
spray, addition to the nu trient sol�tion and a combinati on of these 
treatments (same t otal amounts were used f or all treatments ; 50 ml 
used f or f oliar application) . F o l iar penetration was f�cilitated 
by the surfactant x77 .  Pl ants were grown f or tv,ie nty-s i x  days and 
tota l dry weight determinations were made on duplicate sample s .  
Compar isons recorded are the averages o f  samples for e ach treatment. 
The re su l t s showed that the addition of . the three compound s cou l d  
be · made equally well with a ll  methods, but due t o  the advantage s 
listed above for i ncorporat ion into the nutrient solution, this wa s 
dopted a s  the general  pra� tice. 
Table 3 .  A comparison of  methods - of applying IAA, tryptophan and 
zinc on the y ield of 26-day old corn plants. 
Total Av. Dry Wt. (grams ) / 30 Plants 
1 8  








1 7. 08 
14. 00 
1 4. 82 
17. 65 
17. 45 
1 4. 50 
1 5. 00 
18. 48 
18 . 82 
-6 6 0-6 *Concentration IAA 6xl0 M, tryptophan 5xl0- M ,  Zn 9 .4xl · M. 
Zinc Application Time Course Study - Preliminary tests had shown some 
diff i culty in c orrecting for zinc-defic iency symptoms once they became 
apparent and it therefore was of interest to determine at what stage 
in growth the z inc supplied by the seed became limiting to normal 
plant development. Due to the proposed relationship between auxin 
levels and light intensity ( 31 ) ,  these test2 were conducted at 1 400 
and 2100 footcandles. 
Two experiments were run at d i fferent intervals for each li ght 
intens i ty. The d ry matter yields and zinc content are given i n  
Tables 4 and 5 .  Zinc was applied a t  2-d ay intervals and harvests 
made eighteen d ays a fter planting. The results showed a c onsi stent 
increase in dry matter as the number of days in zinc. solution in­
creased . However, observations made a t  harvest time . indicated that 
all pl ants showed s l i ght interveinal chlorosis excepti ng pl ants that 
were put on zinc for 12 and 1 4  days. This was,  however , most severe 
with the minu s  z i nc plants. The d ata showed that an earl y applicati on 
of z i nc had a benef i cial ef fect on yie l d .  These  d ata al so showed a 
Tabl e 4 .  The effe ct o f  durati on of supplemental zinc on dry we ight 
y i e l d s  nd zinc  conten o f  1 8-day ol d corn pl ants .  
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Trea tm t s *  Average Dry We ight pe r 30 Pl ants -M--K- Zn Content o f  
Day s  on Suppl emental Top Growth 
Zinc Be f ore Harve s t  Top Gr owth Roots  Total Dig. st ( ppm ) ·lHf-· 
0 6. 53 1 . 55 8 .08 1 4 . 4 
4 6 . 85 1 . 86 8 .  7 1  65 . 1 
6 6. 87 1 . 82 8 . 69 66 . 8  
8 6. 95 1 . 88 8. 93 7 8 .  1 
1 0 7 . 1 2 1 . 99 9 . 1 1  80 . 5 
1 2 7 . 35 1 . 95 9 . 30 91 . 4  
1 4  7 . 50 2 . 1 2  9 . 62 1 1 3 . 9 
Stand ard err or-· *-¾·* +0. 1 5  ±0. 05 o . oo 
* Pl ants e po�cd t o  l i ght inten_ i ty of abo t 2100 f ootcand l !g 
a fter 4th d ay o f  germ i na t i on .  Z i nc  c oncentration ,  9 . 4x l 0  M 
ZnS04 • Addition made t o  th nutr ient s o l ution ( SGe �-· aterials 
and Me thod s) . 
** Average o f  two repl i c a t i ons . Grow Lh meas  Led  in  gr am /30 pl ants . 
*** Average o f  upli cated determinat i ons  o� a pool ed tis ue sample 
o f  t op �r owth . 
• ->h ,.. Sec Appen i x .  
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Table 5 .  The effect of duration of supplemental zinc on dry 
weight yield o f  18-day old corn plants. 
Treatments* Average dry weight per 30 plants ** 
Days on Supplemental 
Zinc before harvest Top Growth Roots Total 
0 4 .5·7 1 . 51 6. 08 
4 4 . 62 · 1 .• 49 6. 1 1  
6 · 4 . 66 1 . 48 6. 14  
8 4 . 90 1 . 51 6 . 4 1  
10  4 .98 1 . 62 6. 60 
1 2 5. 24 1 . 70 6 . 94 
Standard error range see Tables 4, 6, 7 and 10. 
* Plants exposed to light intensity of about 1400 fo ot-gandles after 
4th day of germination .  Zinc concentration. 9. 4xl0- M ZnS04 •  
** Average of three replications. Dry weight expr�ssed in grams/30 
plants. 
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T ble 6 .  The i n f l uence of IAA ., tryptophan an z i  c on tha dry 
e ight y ie l d s  and zinc  c ontent of  1 9-day o ld  c orn 
seedl ings  gro n t 2100 footcan  1 s .  
Treatme nts*  
-Zn -Zn , IAA -Zn+ +Zn 
Tryptophan 
Experim nt  1 iH' 
Top Growth 8. 62 8. 56 9. 88 1 0 . 23 
Roots 1 . 35 1 . 60 1 . 70 1 . 92 
Zn ( ppm ) 20 . 00 1 6 . 5  20. 00 91 . 00 
Expe riment 2 ,, ·** 
T op Gr ow· h 9 . 92 10 . 1 2  12 . 25 12.08 
Roots  1 . 49 1 . 56 1 . 87 1 . 96 
Zn ( ppm ) 1 3 .20 1 2. 50 1 2 . 50 95 . 80 
Exper iment 3 -}HHH�-
Top Growth 7. 83 8 . 55 1 0 . 21 1 0 . 27 
R o ots 1 . 15  1 .  1 1 . 60 1 . 64 
Zn ( ppm ) 12. 30 1 3 . 70 14 . 40 93 . 60 
-x- Pl ants  0xpo -- ed to l ight on the 4th d ay o · germination . Add i ti ons 
:ere ma e t o �� n t tr ient s�iu t ! on on the 6!h d oy in the f o l l ow­
ing oncentrat 1 0  . .  : 6 . 0xlO M l AA , G . Ox lO  M tryptophan , 
9 . 4x lb-6� z i nc . 
-Y.- �· Gr owth rr::.) c:-isur ; d  i n  gra r1 o<· dry 'ne igh t  pe r 30 pl -::- n t s .  Z n  ana l ys i s  
on dupl i cate sc1rnp1 . s  i n  a dige st  o f  top 9 1 owth.  
�k-x- -x- G:r o-.-ri. h expT . s scd  a .  an  avcr-aoe o f  dupl i ca t.e s amples . tanriard 
t"rror of t op g� o-:1th +o . 28 ,  r oo ts +o . 05 ,  Zn d e te rm:i n �  t i o  s a rc, 
aver29e s  o f  d 1 pli c te o ri the -d i ge s t  o f  a poo l ed t i s sue sar.1pl 0 .  
S t ,; i  d a  (' err  OT .!.Q . 48 . 
erro:rs  
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Table  7 .  The inf l uenc of IAA , tryptophan and z i nc on t he dry 1eight 
yie l d s  and zinc c ontent of 1 9-day  old c orn seed l i ng s  grown 
at 1400 foot6and le s .  
Treatment s *  
-Zn -Zn+ IAA -Zn+ +Zn 
Tryptophan 
Experime nt p: -x-
Top G_ owth 3 . 71 4. 83 5 . 1 0  5. 17  
Roots  0 . 8? 1. 02 1 . 07 1 . 1 3 
Ex per iment  2*** 
Top Growth 5 . 50 6 . 35 6 . 88 6 . 96 
Roots 1 . 26 1 . 1 9 1 . 38 1 . 4 1 
Exper iment  3 -l<··k .:* 
Top Growth 5 • . 61 5 . 76 6 . 92 7 . 1 6 
Roots 1 . 4 1 1 . 78 1 . 92 1 . 93 
Zn Conte nt ( ppm ) 1 9 .00 22 . 50 22 . 50 1 1 9 . 00 
Plants ex posed t o  l i ght  on t h  4 t h ay o f  germi nati on .  Addi t i ons 
were mc3de to t he nu t ient  s o l u ti on on  the 6 th day in  the 
fol l ow i ng c oncentra tions : 6 . 0x l 0- 6M IAA , o Ox l 0-6 iti tryptop an , 
9 • 4 X 1 0 .. 6 !.'1 z inc .  
-Y-·* Gro·.·, th weasur- , i n  gra s r y  ;e ight per 30 plants a 
i{·** owth exp1 e s sed a s  ::ln :.'lveraoe o f  dupl i c  te harve �  ts o f  .. ame 
tr a t ire nts e Standard  rror o f  t op g ow · h O .  25 roots  - O .  06 . 
-,'}-X- -H- s,  .n9 --- s  Exper i r  .e nt  2 c  Zinc de .eTm inuU ons a:r averages of 
du p. i c a t0 c� o I the d i �10 s t ·o f a po o 1 c d . i s �  1 0  ... a rn 1 e f or c 1 1  
xpzr j n,::nr� c. Respective r, tand ard er  OI' S �  To) 91� ,"I t h  +o c 2·1 , 
J. +o 1 c: ·z · � · +o 03 ()O l.. S  - e -1 , ) ii C c o  J t.en l., - �  • 
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Table 8 .  The infl ue nce of  IAA, tryptophan and zinc o n  the dry weight 
yields and zinc content of 16-day old corn pl ants. 
Treatments* 
-Zn -zn+IAA -Zn+ · +Zn 
Tryptophan 
Experiment 1 ** 
Top Growth 6. 16 6. 16 6. 15 6. 19 
Roots 1 . 25 1 . 31 1 . 14 1 . 17 
Zn content ( ppm ) 17. 90 17. 90 18 . • 60 102.0 
Experiment 2** 
Top Growth 5. 96 6. 35 6. 60 6. 98 
Roots 0. 92 1. 27 1 . 39 1 . 37 
Zn content ( ppm) 17 . 80 18. 50 1 9. 00 101 . 30 
Experiment 3** 
-.1 Top Growth 3. 59 3. 96 5. 52 5.44 
Roots 0 . 84 0 . 89 1 . 02 1 . 13 
Zn content ( ppm ) 20. 2  1 7 . 20 20 . 20 102 .00 
Standard error range see Tables 4 ,  6, 7 and 10 . 
* Growth conditions same as in Table 6. 
** Growth measured in grams dry weight per 30 plants .  Zinc analysis 
on duplicate sampl os  in a digest of top growth . 
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Table 9. The i nfluence of IAA, tryptophan and zinc on the dry weight 
yields and z inc concentration of 1 3-day old plants 
Treatments *  
-Zn -zn+IAA -zn+ +Zn 
Tryptophan 
Experi ment 1 ** 
Top Growth 3. 70  3. 52 3. 65 3. 62 
Roots 0. 84 0.76 0. 87 0. 91 
Zn Content (ppm) 28. 50 28. 50 30. 80 134. 50 
Experiment 2** 
Top Growth 3. 63 3 . 74 4. 17  4. 03 
Roots 0. 79 0. 72 0. 88 0 .87 
Zn Content (ppm) 30 . 40 29. 70 3 1 . 10 136. 50 
Experiment 3** 
--y� Top Growth 2. 82 2. 87 2 .79 3 .06 , 
Roots 0. 62 0. 69 0. 69 0. 69 
Zn Content (ppm ) 29. 30 36. 40 36. 80 171 . 40 
Standard error range see Tables 4, 6 ,  7 and 10 .  
* Growth condit ions s ame as in Tabl e 6. 
** Growth measured in grams dry weight per 30 pl ants. Zinc analysis 
on dupl i cate s amples i n  a digest o f  top growth. 
progressive increase in z inc concentration in tops as the length of 
time on zinc increased. From these experiments (Tables 4 and 5) it 
was concluded that light intensity was not a factor in the t ime­
response of applied zinc. 
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The effect of IAA, tryptophan and zinc on yield and the level of 
tissue zinc - The results shown in Tables 4 and 5 suggest that plants 
required supplemental z inc on the sixth day of germination to support 
optimal growth under the conditions of this study. Subsequent growth 
experiments therefore , were performed in which additions were made at 
this time interval. 
A series of three experiments were run at e ach light intensity 
for the purpose of making additional comparisons on the influence of 
IAA and tryptophan on plant growth in the absence �f added zinc. 
The dry weight yields of these comparisons are shown in Tables 6 and 
7. The plants were harvested 19 days a fter planting. The data 
showed essentially no difference in yield between the plus zinc and 
tryptophan treatments. Both of these treatments yielded more than 
the !AA-treatment which was also better than the minus zinc control. 
Tissue analysis demonstrated , however, that the high rate of growth 
resulting from added tryptophan was accomplished even with a five­
fold reduction in the tissue-zinc level� when compared with the plus 
zinc treatment. If the sole function of tryptophan was to insure 
an adequate level of IAA in zinc deficient plants then some difficulty 
arises in explaining why an equa l  response to IAA was not observed. 
Perhaps the observation mad by Skoog ( 24 ) on the rapid inactivation 
of IAA resulting from high peroxidase activity of zinc-deficient 
plants could explain the lack of response to added auxin.  L ikewise 
indole · acetic acid  oxidase in the roots may have inactivated the 
supplemented IAA. Harvests also were made on the 13th and 16th day 
after planting (Tables 8 and 9). Only a slight increase in yield 
was observed for the zinc and tryptophan treatments at these earlier 
harvest dates. 
An investigation was made to determine if gibberellic acid 
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was rate-limiting in the conversion of tryptophan to IAA as reported 
by Ockerse and Galston (20). The concentration of gibberell ic ac id 
used was derived from preliminary tests . The dry weight y ields of 
zinc-deficient corn plants as influenced by tryptophan ,  zinc and 
gibberellic acid are shown in Table 10. These compounds were applied 
to the nutrient solution. The plants were harvested nineteen days 
after planting. Also included in the tables are the zinc · concentra­
tions of the top growth. 
The data in Table 10  showed that the dry matter yields for 
treatments with tryptophan, zinc , and gibberellic acid were higher 
than those without these additives. The highest yields were obtained 
for those treatments with gibberellic acid and tryptophan with and 
without added zinc. The tissue zinc value s indicate similar concentra­
tions of zinc for all treatment� without iinc, which in turn showed 
about a five-fold decrease compared to the plus zinc treatments. 
Those treatments with zinc added also had approximately the s ame zinc 
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Table 1 0 .  Dry e i ght  pr oduct ion and z i nc content of 1 8-day corn  
plants as i n f l l enc d by z inc and tryptophan i n  combinat i on 
wi th gibbere l l ic acid. 
Averc1ge Dry Wt .  per  30 Pl ants·· * Zn Content 
of top 
Treatments* Top Gr owth Roots Totril Gr owth Diges t ( ppm) *·H 
Zn 5 . 65 1 . 41 7 . 06 24 . 1 0 
-Zn+Tryptophan 6.80 1 . 31 8. 13 24 . 1 0 
Zn+Trypt op 1an+G o A .  8 .01 1 . 1 8 8. 47 23 . 50 
+Zn 6 .  93 1 . 42 8 . 39 · 11 4.  60 
+zn+Tryptop1 an 6 .. 92 1 . 36 8 . 29 1 1 4 .  60 
+Zn+Tryptophan+G . A ,,  8 . 27 1 . 30 9 . 59 103.00 
Stand ard err or +0 . 29 ±0. 1 1  ±o . 10 
* Co centra t i ons  of  compound s added a f ter 6 dais of  germinat i on : 
9 . 4x l0  6M ZnS04 , 5 . 0x 1 0-6M trypt ophan , 1 . 1 0  M g ibbere l l i c  a c id : 
Growth co . d i t i on see Table 6 .  
** Average of three replica t i ons . Gr owth measured i n  gr ms/30 
pl ants . 
**� Av0 rage o f  'up  i ca ted determina t i ons en a pool d t i s sue sampl e 
of top  gr owth ,, 
concentrations, but in treatments where better growth occurred there 
appeared to be an actual dilution of 2inc in the tissue. 
Polys ome Study 
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Characterization of the Polys omal Fraction - Polyribosomes are 
act�ally "clusters " of ribos omes which are bound together by 
messenger RNA (mRNA ) .  The primary importance of pol yribos omes is in 
their role in protein synthesis . The process of protein synthesis is 
reported to occur· as the ribosome units move along a single strand 
o f  mRNA in the presence of ATP, GTP and amino acids bound to  transfer 
RNA. That the primary s ite of pol ypeptide production resides in 
the polys omal fraction, as compared to the monomer units, has been 
established using plants labeled with radi oactive amino acids. Under 
careful conditions of extraction (see Materials and Methods ) the 
polyribosomes can be preserved. Separation of ribosomal clusters 
is accomplished by sucrose density centrifugation foll owed by a 
suitable fractionation of the tube contents. The l abeled amino acid 
studies have demonstrated that the heavier the polysomal fraction, 
(several ribos omes attached to mRNA) , �he higher the rate of labeled 
amino acid in the nascent peptide. Therefore the more ribosomes 
present in the form of polyribosome the higher the rate of protein 
synthesis. The assumpti on which was made �nd of critical importance 
to these investigations was that the rate of protein synthesis is 
directly related to growth , and that treatments· detrimental for 
growth woul d therefore be reflected in the relative amounts of 
polyriboso i e s ex tracted from tissue. 
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Initial dif f iculties were e ncountered in attempts to extrac� 
polyribosomes from barley seedlings (1 4) using an establ ished proce­
dure ( 1 6) . This method continuall y  resulted in a single band in the 
sucrose gradient which was established as the monomer unit. This 
d ifficulty was finally overcome by increasing the KCl concen tration 
in the tissue grinding medium 30 to �O - fold and a 10-fol d increase 
in the gradient level compared with the concentration use d  by L in  
and Key . ( 1 6).  
The results of the first experiment on corn polyribosomes, 
wh ich were also supported by the above mentioned barley  i nvestigations, 
are shown in Figure 3. Using a constant l evel of Mg++ (0. 02M ) the re-. 
sults indicated that the suspending medium containing 0. 6M KCl provided 
the best yield of the heavy pol yribosome fraction. Higher levels of 
KC! were not attempted since · the most critical means of evaluating 
this fraction, that of in vitro protein synthesis, was not feasibl e  in 
this study. The re su l ts in Figure 3 suggested the possibil ity that a 
reduction i n  the Mg++_ K+ ratio might explain the higher yield of  heavy 
polysomes as the concentration of the monovalent cation was increased. 
Figure 4 shows the results of an experiment in which the same concentra­
tions of KCl were use d but the Mg++_ K+ ratio was held constant. In 
this experiment there was a progressive increase in the hea�y fraction 
with higher l evels of KCl, indtcating that the concentration of 
the mono-valent i on was an  important factor in pol yr ibosome stabil ity. 
This is in contrast  to the result  in F iqure 3 which showed that in 
the absence of KCl in  the gr ind ing medium , there was actuall y  an 
Figure 3 .  
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The effect of varying KCl concentration and a constant 
level of Mg++ ( o .02M ) o� the relative yield of polysome 
preparations from 4�day - old corn shoots. A linear sucrose 
gradient of 10 to 35% was used for density analysis 
(hi ghest sucrose concentration was plotted · on the left and 
fractions were numbered fro� the bottom to top of tube. ) 
The high absorbing v.alues at the extreme r i ght of the plots 
were attributed to nonsedimenting material in the sample. 
The se cond peak on the right was identified as the monomer 
peak by RNase hydrolysis of polysomes (Figure 9) ferritin 
F igure 16) and . TUV markers ( Figure 20). See Materials and 
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Sucrose  gradient profiles of polysome preparations from 
4-day old corn �hoots as a result of maintaining a 
constant Mg++_K+ ratio and �ary ing the KCl levels in the 
suspending medium. Other conditions same a s  d e scri bed 
in Figure 3. 
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increase in the level of polyribosome s in the m inu s  KCl trea tment 
compared with the 0. 2 M treatment . A �ompari son of  these re sults 
suggested that in the absence of a compe t itive mono-valent ion, 
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the treatment having the highes t Mg++- K+ ratio (no added KCl) proved 
to be better than when a low concentration of K+ (0. 20M) was pre sent 
( Figure 3) . The combined results support the view that i onic s trength 
is an important factor in the is ol ation of polyribosomes from the se 
plant sources .  
The pH o f  the grinding medium which was selected initially was 
based upon results obtained with barley shoots (1 4 ) . Although the 
buffer capacity of  the grinding medium was not adequate t o  maintain the 
pH at the starting value in the pre sence of the ruptured barley cell s,  
it only dropped by 0 . 2 of a unit. As experimentation progressed in 
these zinc s tudies it was observed that a much greater reduction 
occurred in the pre sence of corn tis sue. The results in Figure 5 
show the initial grinding pH and the pH of the subsequent supernatant 
and compares the relat i ve yie l d  of heavy polysome s o_f these  treat­
ments . From the result s of this te s t  it was obvious that the optimum 
pH was not being empl oyed. Many of the experiment s  which fol l ow had 
been conducted at an initia l pH of  7 . 8 and therefore the decision wa s 
made to maintain uni form condi tion for the ex�riments that f ollowed. 
Fol lowing an earlier observation on bar l ey, that there were no 
dif ferences be tween  the  number of homogenization suspension strokes 
with the loose- fitted teflon pes t le empl0yed in the i s ol ation o f  
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Polyribosome profiles o f  4- day old corn shoots as influenced 
by varying pH levels of the suspending medium containing 
0. 6 M KCl. Other conditions were same as described in 
Figure 3. 
had been used for many of the experiments reported here, it became 
necessary to determine the optimum conditions for the isol ation of 
polysomes from corn. Figure 6 shows the result of varying the 
number of suspension strokes on yield of polysomes . Four treatments 
were actually employed but since the results showed no difference 
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· between 50 and 100 strokes only the values for the 50-stroke treatment 
were plotted. The results showed that there was an obvious difference 
in polysome yield between 25 and 50 strokes both of which were higher 
than the 12-stroke treatment . These results are in contrast to those 
of Lin and Key (1 6), and substantiated an earlier observation with 
corn tissue that more than 12 suspension strokes actual ly  increased 
the total y ield of polyribosomes .  
In terms of sedimentation characteristics, the above density 
analysis investigations provided evidence of ribosomes considerably 
heavier than the monomer unit. Investigations were next performed 
in an attempt to characterize some of  the physical and biochemical 
properties of the heavy fraction. Due to the essential - function of 
Mg++ in polysome stability (1 6) an experiment was conducted in which 
the level o f  the cation was varied in the grinding medium containing 
0. 6M KCl . Figure 7 is a p lot of  these results which showed the 
importance of Mg++ . Without added Mg++, a drop in the heavy fraction 
was observed, but increases in -this cation resulted in higher yields of 
the polysomes . The optimal l evel was 0 . 02M under these conditions, 
j udg ing from the r el ative · mounts of polysome s in the middle of  the 
grad ient tube . 
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The e f fect of the number of suspend ing strokes  durini 
homogenization on the relative yie ld of polys omes 
extrac ted at pH 7 . 8  from 6-day ol d corn shoots. Other 
conditions same as  described  in F i gure 5 except  that a 
l inear sucrose gradi nt of 1 0  to 25% was used . 
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Sucr ose gradient  profile s of polysome prepara tions 
36 
f rom 4-day ol d c orn  shoots as i n f l uenced by four level s  
of  Mg1+ at  a constant KCl l eve l ( 0 . 6M ) . Other c ond i t ions 
same a s  de scribed in F igure 3 .  
In  a study somewhat re l ated to the characterization of 
polysomes an attempt was made to use the chelating properties of 
citrate to determine the location of the monomer in the gradient 
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tube. An experiment was conducted using O, 10, 20 and �O mM. citrate 
in place of KCl. These resul ts are pl otted in Figure 8. A new and 
surprising result was obtained . which showed that 20 mM citrate actually 
increased the yield of polyribosomes compared to lower level s .  At 
40 mM. , however , the monomer fraction was increased at the expense 
of the heavy fraction. These results suggested that citrate at a 
proper concentration, may function to bind some undersirabl e  cations 
that may influence the stabil ity of the polysomes. Because of the 
possibility that a variable such as citrate could  result in a 
qualitatively  distinct polysome fraction this approach was not pursued 
further. 
As a means of further characterizing the polysome fraction, 
use was made of the observation by Lin and Ke (16) that anaerobic 
treatment of the tissue prior to polysome extraction l owered the 
number of polysomes present in subsequent extraction. This type of 
experiment was used to show the necessity for a constant energy source 
from aerobic respiration to maintain a high steady - state l evel of  
pol ysomes. The resul ts in Figure 9 show that placing the tissue in 
a n itrogen atmosphere for 15 minutes appreciably lowered the level o f  
polysomes compared to those ex tra cted from tissue receiving no 
anaerobic treatment. The .final means o f  characteriz ing and i entifying 
the fraction term�d "pol ysomes 0 wu s the treatment of the ribosomal 
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The effect of four levels of c itrate in  the suspending 
med ium , in the absence of KCl and a constant level of 
Mg++ ( 0.02M ) ,  on the relative yield of  polysomes extracted 
from 4-day old corn . shoots. Other cond itions same as 
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13 15 17 1 9  
The effect of 1 5-minute t i s sue anaerobios i s  and RNase 
treatment of the polysome pellets on the relat ive y ield 
of polysomes prepared from 4-day old corn s hoots . RNase 
was added to pol ysome pel l e ts and exposed at 24° c. for 
15  minutes be fore layering on a 1 0-35% linear sucrose 
grad ient. Other conditions same as descr ibed in Figure 3 
xcept that - the concentration of  KCl in suspend ing med ium 
was 0 . 6M. 
40 
pellet of a duplicate control sample with 10 �g/ml RNa se (S igma , 
Type IA, Pancreatic Ribonuclease A) for 15 minutes at 24°c prior to 
layering the sample on the gradient. This enzyme specifically attacks 
the mRNA strand, reducing the polysome faction to monomer units. 
Again the results in Figure 9 provide satisfactory proof for the 
ex istence of ribosomal "clusters " or polysomes in corn tis sue extract� 
Relationship Between Growth and Polysome s to Auxin and Zinc Level in 
Corn Top Growth - Early investigations (Tables 8 and 9) on the 
influence of zinc on top growth s uggested that the level of this cation 
in the seed might have been adequate to carry plants to a s tage in 
growth at which it would be diff i cult to extract pol y sornes due to the 
fibrous nature of ol der tis sue. A preli minary determination was made 
to evaluate polysome yield in  relation to seedling age. These results 
are presented in Figure 1 0. The data clearly show that as the age 
of the tis sue increased the proportion of heavy polysomes decreased. 
Further investigation was not made to determine if this actually 
meant a lower steady� s tate level of polysome s in older ti ssue or 
whether it suggested greater d i fficulty in  extraction from such tis sue. 
The next obvi ou s  question to be investigated wa s how early  in 
growth might a d i fference in  the polysome populat ion be observed when 
plants were grown in the absence of added z inc. F i gure 1 1  shows a 
comparison of 4-and 6-day plants with and without added zinc. The 
study provided cons iderable encouragement for i t  appe ared that in 
the absence of zinc a not1ceable reduction in  the heavy popu l ation 
of polys ome s occurred even a t  the 4th day of germination . The 
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Figure 1 0 .  Sucrose gradient pro f i l e s  of polyr ibosome preparations  
as  influenced by  age of  corn plants .  Other cond i t i ons 
same as  descr ibed in F igure 3 except that 0. 6M KCl was 
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F i gure 1 1 .  Sucrose gradient profiles of polyribosome preparations 
from 4-and 6-day ol d corn plants as inftuenced by 
supplemental zinc. Addition of 9 . 4xl0- M zn++ was made 
to the nutrient sol ution two d�ys after planting . Other 
cond itions same a� described in Figure 3 except that 
0 . 6M KCl was used in the suspending med ium.  
alternative existed of reducing the sucrose gradient from 10 and 
35% to 10 and 25% to improve the resolution of the lighter poly­
r ibosomal fraction characteristic of older tissue when the protocol 
required such changes. 
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The procedure by which the plants were produced in the earlier 
growth studies required four days of germination before root growth 
was adequate to provide uniform uptake of supplemental nutrients via 
their roots. It was of interest, therefore, to determine how long 
a period in advance of pol ysome extraction supplemental zinc would 
be needed to reflect a significant change in the polysome profiles. 
These data are plotted for 6-day-old plants in Figure 12  in which 
a 10  to 25% sucrose gradient was utili zed. Again the absence of 
added zinc during growth depre�sed the heavy fraction and only 1 2  
hours on zinc did not appear to be a significant length of time. 
There was, however, little difference between the 24- and 48� hour 
treatments. This experiment suggested that 24 hours on supplemental 
zinc was a minimal period which could be used to obtain an optimal 
steady-state _ population of the heaviest polysomes. This exposure time 
was therefore generally used as a standard treatment in the following 
investigations. 
Growth data had shown that zinc-de ficiency could be completel y 
corrected by the addition of �ryptophan while the IAA treatment 
appeared to be only partially e ffective. A repeat of the treatments 
�hown in Tabl e 6 was conducted to determine the influence of added 
IAA and tryptophan on the polysomal fraction of 6-day zinc-deficient 
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influence of the duration of supplemental zinc on 
yield of polysome ex tracted from 6-day old corn 
Other c onditions same as described in Figure 6 .  plants. 
plants. Initial experiments using these treatments were made on 10 
to 35% linear gradients. Somewhat typical results are shown in 
Figure 13 in which the minus zinc treatment always contained less 
of the heavy polysome fraction. Due to poor resolution on this 
steeper gradient it was not always possible to show a consistent 
dif ference between the IAA, tryptophan and zinc treatments which was 
in agreement with the top growth data shown in Table 6. 
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When the same experiment was repeated using a · I O  to 25% gradient 
(see Figure 14) , resolution of the lighter polysome portion of the 
gradients was improved and clearly demonstrated a similar relationship 
between Zn , !AA and tryptophan treatments in the polysome date (Figure 
14) and top growth data reported in Table 6. The plus zinc and 
tryptophan treatments gave the best growth and also had the highest 
concentration of heavy polysomes. The !AA-treatment was intermediate 
in growth and heavy polysomes with the minus zinc consistently the 
lowest. These d ifferences were often reflected at the dimer and 
trimer polysome level. These peaks became more obvious on the 1 0  
to 25% gradient and were identified by ferriti n  (65S) and TMV* (1 82S) 
and which were used as gradient markers and shown in F igures 1 6  and 
20 respectively. Resu l ts of a simi lar experiment to that in Figure 
14 are recorded in Figure 15 except that 8-day old plants were ex­
tracted and their polysomes observed on a 1 0  to 20% sucrose gradient. 
The results again confirmed those of earlier Figures and Tables on 
�ift generous! y supplied by Dr . W. S .  Gard ner, De partment of 
Plant Pathol ogy, South Dak ota State University. 
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Figure 13 .  Sucrose gradient profiles of polysome preparations from 
z inc-deficient 6-day old corn plants as i nfluenced by 
nutrient solution .. supplemented with IAA ,  tryptophan and 
zinc. Addition of !AA , _ tryptophan and zinc at concentra­
tions of 6. 0x l 0-6M, 5. 0xlO-�M and 9. 4xl0-6M respectively 
was made 72 hrs. before polysome extract i on .  Other 
conditions same as in F igure 3 except that 0 . 6M KCl 
was used  in the suspending medi um .  
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Sucrose  density analysis of polysome preparations from 
z inc-defic ient 6-day old corn plants a s  in fluenced by 
supplemental IAA, tryptophan and zinc. Condi t i ons same 
as in Figure 1 3  except that the linear sucrose gradient 
used was 1 0-25% and compounds were applied 2� hour s  
be fore pol ys ome extract ion. 
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Fraction No. 
Sucrose dens ity analysis of polysome preparations from 
zinc- def icient 8-day old corn plants as influenced by 
supplemental IAA, tryptophan , and zinc. Conditions 
same as i n  F igure 14 except that the linear sucrose 
gradient us ed was 10-20%. 
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the relationship between zinc, tryptophan and IAA on polysomes and 
top growth.  The growth data and zinc analysis strongly support the 
idea that , under the conditions of these investigations , add ition of 
49 
, tryptophan completely alleviates zinc deficiencies. It would appear, 
however, from the growth and polysome studies, that since added IAA 
does not completely c orrect the inbalance caused by zinc deficiency, 
tryptophan may have additional functions in plant growth beside that 
of a precursor in IAA synthesis. It has a vital role  as an essential 
amino acid in protein synthesis. These results are in agreement with 
those of Wunner et al . (33) who demonstrated an essential function of 
tryptophan in polysome stabil ity of rat liver. The corn data 
suggested a direct involvement of tryptophan in protein synthesis at 
the polysomal level. 
To identify the presence of polysomes in. 6-day old plants, an 
experiment was conducted using an RNase concentration of 7. 5µg/ml. 
The results of this test are presented in Figure 16. The treatment 
to which RNase was applied_ to the ribosome pellet had initially a 
high level of polysomes for the plants were supplied with supplemental 
zinc t�enty-four hours before polysome extraction. Once again the 
results show the presence of heavy polysomes. 
Consistent with data from earlier studies, the results in 
Figure 16 show the presence �f more heavy polysomes in tryptophan 
plants. These differences were reflected at the dimer and trimer 
polysomal level .  The ferritin marker, in the same plot, shows the 
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Figure 16 . Pol ysome pr ofil e s  of zinc-de ficient 6-day ol d corn pl ants 
as influenced by suppl emental tryptophan and zinc. 
Concentrations  of tryptophan , and zinc same as  in Figure 
13. Polyribosomal pel lets from zinc treated pl ants were 
treated with RNase at a concentration of 7 . 5  �g/ml and 
incubated  at 24 °0- from 1 5  minute s be fore layering onto a 
10-25% l inear sucrose gradient. Ferr itin marker was u sed 
to l ocate the monomer peak. Other cond itions same as  in 
Figure 14. 
Ockerse and Galston (20) suggested a direct involvement of 
gibberellic acid in the conversion of tryptophan to !AA in plants. 
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The top growth data repo�ted in Table 10  of these studies would also 
suggest that gibberellic acid may be limiting in plants supplied with 
tryptophan. However , the polysome result reported in Figure 17  showed 
no increase in heavy polysomes of tryptophan plus gibberellic acid 
when compared with the plus zinc or tryptophan treatments. These 
studies were designed to show a quantitative relationship between a 
factor limiting growth and the relative levels of polysomes. The 
fact that gibberellic acid stimulated growth beyond that attributed 
to zinc alone, and that such stimulation was not reflected in the 
polysome data was not surprising or inconsistent. An additional 
parameter of growth not investigated here was thaf· of the qualitative 
potential of the polysomes to support growth. The actual level of 
polysomes in ·tissue would appear to depend upon the energy level of 
metabolism (Figure 9) and conditions which limit growth at the 
polysome level. Johri and Varner (�3) have recently demonstrated, 
however, a beneficial effect of gibberellic acid during isolation of 
a heavy polysome fraction from pea hypocotyl. 
If a primary role of zinc in the corn plant is that of 
supporting tryptophan synthesis it suggests that zinc-deficiency 
symptoms might actually be a tryptophan deficiency. It seemed 
obvious that many of the characteristics of zinc deficiency might 
be observed i n  ziric supplemented plants if tryptophan could be in­
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Figure 17 .  Sucrose gradient profiles of polysome preparation from 
6-day old zinc-deficient corn plants as influenced by 
supplemental tryptophan, zinc and tryptophan plus 
gibberellic acid. Concentrations of zinc and tryptophan 
. were same as in Figure 13. 1. ox10-6M gibberellic acid 
was added to the nutrient solution. Other conditions 
same as described in F i gure 14. 
the use of  N-bromosuccinimide which has been reported to bind free 
tryptophan as well as that present in _proteins (21). 
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To investigate the inter-relations o·f zinc and trypto}:han, 
N-bromosuccinimide (n-BS )  was compared at levels from O to 160 �g/ml 
in the nutrient solution of 8-day old corn plants. The dry matter 
yields and zinc concentrations for the tops of  supplemental zinc 
plants as influenced by various levels of N-bromosuccinimide are given 
in Table 1 1 .  The plants were treated on the 8th day a fter planting 
and harvested 4 days after treatment. At the 20 µg level of n-BS 
the leaves of  these plants showed interveinal streaking after 48 hours, 
typical of zinc-deficiency (Figures 18  and 19). A fter 72 hours, how­
ever, they appeared to recover from the streaking symptom but the 
leaves remained yellowish in color. As the 20 µg treatment recovered , 
the �eaves of the 40 µg treatment became more streaked and the basal · 
portion of leaves appeared much lighter in color. Since the higher· 
levels did not produce typical zinc-deficiency symptoms but showed 
severe wilting, it was surmised that high levels resulted in  impaired 
uptake of n-BS or curtailed pathways leading to deficiency symptoms. 
The symptoms at 20 µg-l�vel disappeared, either because of instability 
of n-BS or due to inactivation or nonspecific binding by plants. The 
delayed response at 40 µg level could be expl ained by a temporary 
delay or reduced uptake into the tissue. The critical concentration 
of  n-BS which resu lted in the earl iest leaf symptoms suggested that 
- it required transport to the leaves to become effective and higher 
levels somehow interferred with this process. 
Figure 18 . 
u� 




Zinc def iciency symptoms. The plants on the right are normal z inc supplemented plants . 
Center plants - deficiency induced by 40 µg/ml of N-bromosuccinimide ( I). These plants 
had the same concentration of zinc as the normal pl ants (9. 4x10-6M )  but characteristic 
symptoms developed and persisted 72 hours after appl ication . Plants on the left -




F i gure 1 9 .  Z inc  de f ic iency sympto1�s in corn l eave s  i n  c ompar i son to 
s tre a k i ng observed by t he addit i on of n-BS to z i nc 
c onta i n i ng nutr ient sol ut j on. The se sympto�s appeared 72 
hours a f ter ap, l icat i on .  Lef t  - def i ciency due to l ack o f  
z i nc ,  Ce nter - defi c iency due to n- BS , Right - normal z i nc 
suppl emented  pl ants .  I nse t s  (cl ose ups )  same order . 
Table 1 1 .  The effect of a constant level of supplemental zinc 
addition and various levels o f  N-bromosuccinimide on 
dry weight yields and zinc content of 1 2-day old corn 
plants 
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Average Dry Weight per Zn Content*** 
·Treatments* Top Growth 
0 µg/ml n-BS (0.00 ) 2.90 








1 60 µg/ml n- BS 
Standard error 
(5. 6xl0-5M )  2. 69 
(1. lxl0-4M )  2. 69 
( 2.2x 10-4M )  2.43 
( 4.5xl0-4 ) 2. 18 
(9. 0xl0-4M )  1 . 90 
see tables 4 ,  6, 7 and 
30 Pl ants** of Top Growth 
Root Total (ppm) 
0. 75 3. 65 108 . 0 
0. 70 3. 39 108 . 0  
0. 74 3_. 34 1 10.0 
0. 68 3_. 1 1  1 10. 0 
0. 55 2. 73 93. 0 
0. 44 2. 34 1 14 . 0 
1 0 .  
* Concentrations of  n-BS added on  the 8-day after germination. 
ZnS04 9. 4xl0-
6M ad ded to all treatments on 4th day of germination. 
Growth conditions as shown i n  Table 6. 
** Average of  two replications. Growth measured in grams per 30 
plants. 
*** Average of du plicated determinations on a pooled tissue sample 
of top growth. 
.,. 
Tissue analysis showed that all treatments received adequate 
amounts of z inc for maximal growth and therefore it was assumed that 
all plants had maximal capacity to synthesize tryptophan. Because 
of the early termination of the experiment, no real differences in 
growth were observed except for the two highest concentrations of 
n-BS. Z inc analysis of the tissue revealed, however , that n-BS 
did not reduce the amount of this cat ion in the tissue even at the 
highest level ( Table 11) .  
The effect of n-BS was also investigated at the polysomal 
l evel. An initial experiment was conducted in which zinc was added 
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to the nutrient solution of corn plants 48 hours before harvest , with 
20 µg/ml of n-BS added at 0 ,  12 , 24 and 48 hours prior to polysome 
extraction. The results , shown in Figure 20 , demonstrate the reduction 
once again . of the steady-state level of heavy polysomes in a 10-25% 
gradient , but this time as a result of the presence of n-BS. Compared 
to the minus n-BS treatment there appeared to be a s light stimulation 
in  the heavy pol ysome population after the 12-hour treatment . With 
the l onger exposure periods of 24 and 48 hours there was a progress i ve 
reduction in the concentration of the heavier particles . In this 
f igure the sedimentation character i stics of the polysomal frac tion 
were compared to that of TMV . 
In Figure 21 a compa�ison was made between plus zinc in the 
pr�sence and absence of n- 8S and minus zinc with and without tryp­
tophan . Cons istent with previous prof ile s  of polysomes there \. a s  no 
dif ference between the tryptophan and z i nc treatment in terms of the 
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The ef fe ct of durati on of suppl ementa l N-bromosuccinimide 
on the y ield of polysome ex tracted from zirc- suf fic!ent 
6-day old corn pl ants .  Al l pl ants rece i ved 9 . 4xl0- M 
znso4 48 hours be fore polysome extraction . Other  con­
d i tions same as described in Figure 1 4 .  TMV ( l 82S ) plot 
shows the appr ox imate l ocation o f  the trimer . Concentra­
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Fi gure 21.  Sucrose gradient prof i l e s  o f  poly some preparat ion from 
zinc def icient 6-day ol d corn pl ants as influenced by 
supplementa l  tryptophan , zinc , and z inc pl us N-bromo­
succinimide . One-half of the pol ysome sampl e from each 
treatment was l ayered oh a 10-25% linear  gradient . The 
other hal f  o f  tbe sample  from zinc and t ry ptophan treated 
plants �ere treated with  RNase and ¾ d i l u tion of the 
pel l e ts l ayered . RNase concentration wa s 5 ug/ml. Other 
conditions same as de scribed in Figure 1 4. · Concent ration 
of  n- BS sam as in F i gure 20. 
I . ,  
proportion of heavy polysomes , but specific binding of tryptophan by 
n-BS resulted in a profile very similar to the minus zinc treatment. 
This plot al s o  shows the effect of 5 µg/ml RNase on a ¼  dilution of 
the tryptophan polysome suspension. Similar RNase results  were 
obtained (but not plotted) for the plus zinc suspension in which 
the polys omes were converted to a single monomer peak. 
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When a constant amount of n-BS was added· to the nutrient 
solution along with four concentrations of tryptophan, it was possible 
to demonstrate a reversal of the effect of n-BS by the addition of 
lxl0-4M tryptophan. These data are plotted in Figure 22. Similar 
results were obtained when n-BS was added to the nutrient solution 
{containing no added zinc) 48 hours before harvest. These results 
are plotted in Figure 23. In this case 10-3M tryptophan corrected 
the effects of n- BS when added 24 hours before polysome extraction. 
The results once again clearly indicated that specific binding of 
n-BS can be reversed when a high level of tryptophan �as added to 
the nutrient solution. 
Figure 22. 
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The e f fect o f  f our levels o f  tryptophan  at a cons tant 
level  of n-BS (20 ,ug/ml - 1.  1 x10-4M )  added simultaneously  
to the nutrient sol ut ion on the yield of  polysomes 
extracted from 6-d ay old zinc- de f icient plants. Other 
conditions same a s  i n  F igure 1 4 .  
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Fraction No. 
Sucrose gradien t  pro files  o f  pol yribosome preparation 
fr om 6-d ay old z i nc- deficie nt  plants a s  i n f luenced by 
durati on o f  n-BS and conce ntration of tryptopha� . Other 
c onditions same as in F i gure 1 4 .  
SUMMARY AND CONCLUSIONS 
The obj ective of this investigation was to determine some of 
the nutritional implications of raising corn plants under low zinc 
conditions. Prominent among the visual symptoms of zinc deficiency 
are a general stunting of growth and interveinal chlorosis of the 
leaves. These characteristic symptoms were readily observed and 
defined. Plants grown in the absence of zinc showed retarded growth 
as  early a s  16 days after germination with difference� being clearly 
evident after 18  days. Zinc was required by the sixth- day and if 
not applied at this time, retarded growth was observed at the 19-day 
harvest period. When zinc was not added to the nutrient solution 
the streaking symptom, typical of zinc deficiency , was observed as 
early as 14 days after germination. 
The addition of tryptophan to the nutrient solution starting 
on the sixth�day of growth, compensated for the absence of zinc. 
Plants which received zinc or tryptophan grew at the same rate and 
appreciably faster than zinc-deficient plants , yet at the 19-day 
harvest per i od plants that received onl y  tryptophan showed about a 
five-fold decrease in  ti ssue zinc content. Likewise the streaking in 
leaves symptomatic of zinc deficiency was also  eliminated by tryp­
tophan . 
Supplement ing the nutrient solution with IAA in zinc- deficient 
pl ants was not nearly as effective in promoting growth as was the 
additi on of z inc or tryptophan. These data suggeste d that during the 
early growth per i od zinc ras involved pr imar i ly  in support of 
tryptophan synthesis. No proof was obtained, however, that the 
added tryptophan functioned solely as a precursor of IAA , since 
addition of this compound did not replace the requirement for zinc 
in growth. The lack of growth response by the addition of IAA 
could be attributed to the inactivation process characteristic of 
zinc-deficient plants as described by Skoog (24) . Evidence to be 
summarized later suggests more specifically that sub-optimal levels 
of tryptophan , resulting from zinc deficiency, may influence the 
types of enzymes synthesized and therefore the endogenous levels of 
IAA. 
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The · assumption that a relationship may exist between the 
population of heavy polysomes and plant growth potential gained 
support in these studies . Whil e 16 days were required before re­
tarded growth was evident in plants which received no zinc, a 
reduction in the heavy polysomes was observed i n  4-day old shoots 
grown under the same conditi ons. Thus the eventual dif ferences in 
accumulated growth resulting from added zinc (or by the substitution 
of tryptophan. for zinc ) compared with the absence of this cation are 
reflected in the polysome population at early stages in growth.  It  
is perhaps at this  stage that zinc deficien�y could result in  a 
progressive qualitative change in proteins produced, a s  repdrted for 
other organisms (1 8, 24) . 
The effecti veness of tryptophan in mainta i n i ng a normal level 
of heavy pol ysomes in .zinc-def icient pl ants is ind i cative of a vital 
role i n  polysome function. As mentioned above a shortage of this 
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amino acid could well have an influence on the nature of proteins 
produced and for that matter on the stability of _IAA in cell s . The 
substitution of tryptophan for zinc in these studies eliminated the 
need for suggesting s ome nonspecific aggregation, caused by the 
presence of this divalent cation, which might result i n  heavier 
polys omes .  The argument that zinc inhibits RNase likewise woul d not 
appear applicable here since the specific binding of tryptophan by 
n-BS in the presence of added zinc still resulted in a reduction of 
polys omes . This reduction in polys ome s by n-BS could be reversed by 
the addition of adequate levels of tryptophan to the nutrient solution. 
F inally, growth studies showed that low levels of n-BS in the 
nutrient s olution did not affect zinc uptake but characteristic zinc 
deficiency symptoms appeared in the leaves. Therefore tryptophan 
appears to be essential in preventing interveinal chlorosis. It 
would appear that this amino acid is neces sary f or specific proteins 
in the chloroplasts and/or the production of these proteins . 
,, 
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APPENDIX 
Meth od o f  Determi n ing Experime nt  1 Error 
Deviati ons  from the ean (X-X ) o f  dupli cate or trip l icate 
sampl e s  ( x ) re sq ared and summed . Summati on of the s uare o f  
deviat i ons �(X-X ) 2 as d iv i ded  by t he  degrees o f  free om ( d . f. ) 
a s s ociated with treatments to obt a in  rro . ean s uare ( s2 ) .  The 
standard rror ( Si ) was -then e u al  t o  the square root  o f  rror mean 
square d ivided by the number o f  observat i ons (N) er  treatment. 
s2 :::: _(_x_-_x_) 2_ = __ (_x_f_+_x��-+_._._._. ,_x...l�-)--
d e  f .  d . L 
Sx = 
J �2 
